The marked effect which minute amounts of tissue and of yeast extracts have upon the growth of organisms has long been known, but the chemical composition of these organic substances, one or more of which are required by many organisms for growth, has been determined only during the past ten years. The determination of the chemical structure of these substances has made it possible to grow many species of organisms upon chemically defined media and to estimate quantitatively their growth-factor requirements. In all this work little attention was paid to the hydrogen ion concentration of the medium, other than to adjust it to a point near that commonly found to be satisfactory for growth of the organism. Brueckner, in 1943, pointed out that the minimum concentration of nicotinic acid required to support maximum growth of a strain o!f Staphylococcus aureus was about ten times greater at a pH of 7.6 than at a pH of 6.2. A difference of this magnitude is of interest from the standpoint of bacterial nutrition and from that of microbiological assay. The main 'object of this investigation was to study in greater detail the influence of pH upon the growth-factor requirements of bacteria growing in chemically defined media. 
The medium employed was that described by Gladstone6 for the culture of Staphylococcus aureus. It consisted of a mixture of amino acids, salts, and glucose to which the growth factors nicotinic acid or nicotinamide and thiamin chloride were added. The medium from which the growth factors had been omitted was sterilized by filtration through a Mandler candle and the pH was adjusted aseptically after sterilization. All pH determinations were made with the Beckman pH meter, and the pH was adjusted when necessary with normal HCI or normal NaOH. The growth factors to be tested were made up on a molar basis in the test medium, and the pH was tested and adjusted if necessary immediately before use. The various concentrations of the growth factor to be tested were obtained by making serial dilutions of these solutions, so that each tube in a test run contained one-half the concentration of growth factor as in the preceding tube.
The inoculum in all cases consisted of one drop of a dilution of a washed 24-hour culture of the test organism. Dilution plates were poured to check the size of the inoculum, which was approximately 5,000 to 10,000 organisms and clumps of organisms per milliliter of medium.
The tests were observed daily for five days after inoculation. Turbidity that could not be distinguished from the 4+ control run on the complete medium was termed 4+, very slight turbidity 1+, and stages between these two extremes were termed 2+ and 3+. In evaluating the results it was found convenient to designate the minimum growth-factor requirement as the'smallest concentration permitting 4+ growth in 5 days. The inhibitive concentration was the lowest molar concentration which prevented the appearance of turbidity in the five-day period.
Shigella paradysenteriaei Sonne. The dysentery cultures used were obtained from Dr. Stuart A. Koser of the University of Chicago. These were four strains of Shigella paradysenteriae Sonne (Sonne 2053, Sonne 269, Sonne Brown, and Sonne 4243). All four strains had required the addition of nicotinic acid as a growth factor consistently for several years of laboratory cultivation. All were found to grow well upon Gladstone's medium. After a few transfers it was found possible to grow all four strains upon a simpler medium consisting of salts, asparagine, and glycerol to which nicotinic acid had been added. In one training experiment a still simpler medium, that of Koser (1943) , consisting only of salts and glucose, was used. The methods and technics used in performing the tests were the same as those used with Staphylococcus aureus as the test organism.
Lactobacillus casei. The Lactobacillus casei strain was obtained from Dr. P. R. Burkholder of the Department of Botany, Yale University, and the medium employed was that of Landy and Dicken.9 This medium was prepared for use in twice the normal concentration, which was later attained by the addition of the growth factor dissolved in the required amount of sterile, distilled water. Landy and Dicken had pointed out that it was necessary to add riboflavin, folic acid, nicotinic acid, biotin, pyridoxine, and pantothenic acid to the basic medium of amino acids, salts, and glucose, in order to permit growth of this organism. In practice two growth factors were omitted from each lot of medium. The pH of the medium was adjusted, the medium autoclaved, and the pH again adjusted aseptically if it had changed. In these experiments 5.0, 6.0, and 7.0 were the pH values used as the organism did not grow at 8.0 in the synthetic medium. It was impossible to cultivate Lactobacillus casei exclusively upon the synthetic medium as was done in the studies using Staphylococcus aureus and the dysentery strains. In this case the stock culture was maintained in yeast dextrose agar stabs, and transferred to 10 ml. of the complete synthetic medium at a pH of 6.0 about 18 to 24 hours before use. One-tenth milliliter of a 1:800 dilution of this washed culture was used as the inoculum. The procedure used in this case differed from that in the preceding section. To 2.5 ml. of the sterile basal medium from which the growth factor under test had been omitted was added the desired dilution of a sterile solution of the growth factor, and the volume was made up to 5 ml. with sterile distilled water. Blanks were run upon the medium only and on the medium without the growth factor plus the inoculum at each pH. Inoculation was followed by incubation for from 66 to 72 hours at 370 C. Then the contents of the tubes were well shaken to secure an even suspension, and turbidity measurements were made with a Klett-Summerson photoelectric colorimeter. The amount of acid produced -by growth of the organism was then titrated with 0.1 N NaOH using bromthymol blue as the indicator. The growth as measured by turbidity and by acid production was found to be proportional. Results have been recorded on the basis of acid production as it was the more sensitive test.
All glassware was chemically cleaned and rinsed three times in distilled water. The last half of the work was done using redistilled water in all media. Check runs of the work done using distilled water showed no change. The Mandler filter candle and apparatus were used in filtering the growth-factor-free media.
Experimental results 1 From the above table it may be seen that the minimum concentration of nicotinic acid which would support maximum growth in 5 days at a pH 'of 8.0 is albout 15 times as great as that necessary at a pH of 6.0. The average minimum concentration required at 6.0 was 8 X 1O-8 M, whereas at 8.0 it was 125 X 1 O8 M. The growth range at the higher pH was greatly shortened. The inhibitive concentration at a pH of 8.0 was 1 X 1 O5, whereas at 6.0, a concentration of 1 X 10 M was necessary.
With nicotinamide there is also a difference, but the minimum concentration which would support maximum growth is only 4 times as great at a pH of 8. 0 as that at a pH of 6.0. This is essentially in agreement with 'the findings of Brueckner.2 In order to determine whether this difference was characteristic of Staphylococcis aureus or shown only by strain CB, three more old laboratory strains, IC, X2, and X3, and 20 recently isolated strains were tested. The nicotinic acid and nicotinamide titrations with the old laboratory strains were not significantly different from those found using strain CB. In working with the 20 recently isolated strains, it was found that six would not grow on. repeated sub-culture in Gladstone's medium without the addition of biotin. This confirms the finding of Porter and Pelezar.12 Although the amount of nicotinic acid or nicotinamide required for maximum growth at a pH of 6 .0 and at a pH of 8.0 varies from strain to strain, the minimum concentration that would support maximum growth at a pH of 8.0 averages 12 times that required at a pH of 6.0.
Routine trnsfers were made of all experimental strains every 48 hours in Gladstone's medium at a pH of 8.0. During the course of this work it was noted that after some 40 transfers Staphylococcus aureus, strain CB, had developed the ability to grow in Gladstone's medium at a pH of 7.0 without the addition of the growth factor, either in the form of the acid or the amide. The culture was first investigated. Cellular and colonial 'morphology indicated a pure culture. Mannitol, lactose, glucose, and sucrose were all fermented with acid production and no gas by this transferred strain. The stock culture showed the same biochemical reactions. The medium was then investigated. It was found that the IC and X2 strains of Staphylococcus aureus would not grow upon this medium without the addition of nicotinic acid. A new lot of medium was then made and the transferred CB strain was found to grow at a pH of 7.0 without the addition of the growth factor.
2. Shigella paradysenteriae Sorne. As it had been shown in the preceding work that pH affected the nicotinic acid or nicotinamide growth-factor requirements of some 24 strains of Staphylococcus aureus it was decided to investigate what effect it would have upon the growth-factor requirements of Shigella paradysenteriae Sonne which was known to require nicotinic acid. The results of the first experiments, using Gladstone's medium as the test medium, are shown in table 2. Having found that Shigella paradysenteriae Sonne would grow without nicotinic acid at a pH of 6.0, the same experiments were run using a simpler medium containing inorganic salts, asparagine, and glycerol. 6 .0 in a medium containing 15 amino acids, these dysentery strains are able to grow without the growth factor, and may be very readily trained to grow without it at pH 8.0 and pH 7.0. In the asparagine-glycerol medium these strains initially require 16 times as much nicotinic acid to attain maximum growth at a pH of 8.0 as at pH 6.0, but may be trained to grow without it at 6.0, 7.0, and 8.0. In the medium in which di-hydrogen ammonium phosphate has been substituted for asparagine, training was not accomplished. The next step was to determine whether these dysentery strains synthesized their own nicotinic acid or its equivalent at a pH of 6.0 or were adble to grow without it. The procedure was as follows:
Strains Sonne 2053 and Sonne Brown were inoculated into 2 ml. amounts of Gladstone's medium which did not contain the growth factor. Two transfers were made in this medium. this fluid. Repeated freezing and thawing with a solid C02-acetone mixture was used to rupture the cells. The material was left in the freezing mixture for ten minutes and slowly allowed to thaw. This procedure was repeatted ten times. The material was then centrifuged for one hour. The supernatant fluid was poured off, boiled for a few minutes, and tested for sterility. This sterile fluid was then titrated for its growth-factor content by means of bio-assay using Lactobacillus casei, and also by bio-assay with a dysentery strain. The medium used in bio-assay with Lactobacillus casei was that of Landy and Dicken.'
In the titrations using the dysentery strain Gladstone's medium, adjusted to pH values of 7.0 and 8.0, from which nicotinic acid had been omitted was used.
By bio-assay, using hydrogen ion concentrations can hardly be regarded as significant.
But in the pyridoxine titration, it may be seen that growth occurred only in the blank at a pH of 5.0.
Discussion
The results, of the work outlined in the preceding pages make it clear that the hydrogen ion concentration has a marked influence upon the growth-factor requirements of the bacteria studied.
The mechanism of its action is probably the result of the effect of pH upon several systems, each of which is in itself rather complicated. The first is the effect that pH may have on the growthfactors, amino alcids, and other components of the chemically defined medium as they exist in an aqueous solution. The second may be the effect that the external pH has upon the intracellular pH, and finally, changes in the pH of the medium undoubtedly affect the reactions (biological, physical, and chemical) which occur at the cellmedium interface.
The data available in the literature and from the results of these expenments do not permit a discussion of these interrelated effects. That must await technological advances and a more detailed knowledge of bacterial metabolism.
Available datae 4, 7, 10, 11, 18, 14, 18 show that the growth factors used in this study differ in chemical structure and physical properties, but all appear to function in the metabolism of the cell, and those upon which work has been done have been found to function as a constituent of an enzyme.
The data in Section 1, in which the Staphylococcus was the test organism, showed that for those strains studied nicotinic acid was approximately 15 times as effective as a growth factor at a pH of 6 .0 as at a pH of 8.0. This difference was not found when nicotinamide was' used. Since it has been proposed that nicotinic acid must be converted to the amide to function as part of the coenzyme, it might be suggested that the conversion of nicotinic acid to nicotinamide was favored by the lower pH. In the case of nicotinamide this conversion was unnecessary, and the slightly greater effectiveness at the lower pH simply denoted that the synthesis of the coenzyme was favored by this pH.
The four strains of the dysentery bacillus studied grew upon Gladstone's medium at a pH of 6.0 withiout the addition of nicotinic acid or nicotinamide, but they required it for growth at a pH of 7.0 or 8.0. When a simpler medium containing only inorganic salts, glycerol, and asparagine was used, 16 times as 'much nicotinic acid was required for growth at a pH of 8.0 as at a pH of 6.0. There was no growth in controls that did not contain the growth factor. Epps and Gale5 have shown that the decarboxylases of arginine, ornithine, lysine, and histidine of Escherichka coli have pH values of optimum activity from 4.0 to 5.5 (external environment of the intact cell). Tihe decarboxylases were formed in the cell only when growth took place at pH values near the optima. It might be postulated that in Gladstone's medium, which contains 15 amino acids, the decarlboxylases of the dysentery bacillus may have greater activity at the pH of 6 .0 than at the pH of 8.0.
The breakdown of the amino acids with the subsequent synthesis of nicotinamide or of some substance capable of taking its place would then be possible. Confirmation of this has been shown experimentally in the course of this work in that the four dysentery strains weie found to be able to synthesize nicotinamide or a substance capable of taking its place at a pH of 6.0. Bovarnick' has pointed out that a neutral solution of glutamic acid and asparagine, after being heated at 1000 for several days, can substitute for nicotinamide as a growth factor. The nature of this reaction product is unknown at present, since solutions sufficiently active to be tested chemically for this substance have not been oibtained.
By training experiments it has been possible to show that the dysentery strains may be readily trained to do without the growth factor in Gladstone's medium. Ten transfers in the asparagineglycerol-inorganic salt medium were more than sufficient to train all four strains to grow without the growth factor over a pH range of 6.0 to 8.0. However, when glucose is substituted for glycerol in this medium, training becomes very difficult, and growth slow, no matter what the initial pH may be. It might be assumed that the much more rapid change to an acid pH value accompanying growth in the glucose medium might account for this difference, for at the end of 48 hours the pH of the glucose-containing medium, initially 6.0, had dropped to 4.4, while in the medium containing glycerol it had fallen only to 5.8. But, again reasoning by analogy, as the dysentery bacillus has not been used, Epps and Gale,5 working with Escherichia coli have pointed out that the presence of glucose has an inhibitory action upon aspartase, the enzyme involved in the breakdown of asparagine, greater than can be explained by the acidity it produces. In a medium that did not contain glucose, cultures were shown to give a greater aspartase activity at a pH of 5.0 than at a pH of 7.0. Cultures grown in a medium containing glucose have much less aspartase activity than that shown by the pH 7.0 cultures which did not contain glucose. The low activities shown by the cultures in the medium containing glucose were not raised when the cultures were maintained at pH 7.0 by the controlled addition of alkali throughout the growth. Here, then, the effect of glucose cannot be attributed wholly to acidity. This mnight account for the ease found in training the dysentery strains to grow without the growth factor when glycerol and asparagine were used, and ithe difficulty experienced when glucose was substituted for glycerol.
When an inorganic ammonium salt was substituted for asparagine in the simplified medium containing either glycerol or glucose, the organism could not be trained to do without the growth factor. It might be assumed from these training experiments that the dysentery strains require an organic nitrogen source in order to be able to synthesize nicotinamide or a substance capable of taking its place.
In the work with Lactobacillus casei as the test organism, four growth factors, folic acid, riboflavin, biotin, and pantothenic acid, were found to be more effective at a pH of 6 .0 than at a pH of 5.0. Nicotinic acid was found to be as effective at a pH of 5.0 as at 6.0, and pyridoxine was found to be most effective at a pH of 5 In this work pyridoxine was not required for growth at a pH of 5.0, whereas it was necessary at pH 6.0 and pH 7.0. It may be advanced that the lower pH may so favor the synthesis of pyridoxine from dl-alanine that the amount supplied by the casein hydrolysate of the medium is sufficient to permit growth.
Conclusions
It was found that the pH of the culture medium had a marked influence upon the growth-factor requirements of the bacteria studied.
The results of the investigation with 24 strains of Staphylococcusaureus in Gladstone's medium showed a quantitative relationship between the pH of the medium and the growth-factor requirements. Although strains differed, the amount of nicotinic acid required for maximum growth in five days at a pH of 8.0 was approximately 15 times that required at a pH of 6.0.
Both the composition and the pH of the medium determined the growth-factor requirements of the four dysentery strains studied. All four strains were found to grow well in Gladstone's medium at-a pH of 6.0 without the addition of nicotinic acid while requiring it for growth at pH 7.0 and pH 8.0. Experimentally it was possible to show that at a pH of 6.0 these strains were able to synthesize nicotinic acid or its equivalent. In a simpler medium in which asparagine replaced the 15 amlno acids found in Gladstone's medium and glycerol replaced glucose, 15 times as much nicotinic acid was required for maximum growth at a pH of 8.0 as at a pH of 6.0, but growth did not take place without the addition of the factor at any pH value.
The four dysentery strains were readily trained to grow without nicotinic acid in Gladstone's medium at pH 6.0, 7.0, or 8.0. When a simplified medium was used in which asparagine replaced the 15 amino acids of Gladstone's medium ten passages were sufficient to secure good growth without nicotinic acid. If di-hydrogen-ammonium phosphate is substituted for asparagine, training is not possible. This would point to the conclusion that the dysentery strains require an organic nitrogen source in order to synthesize nicotinic acid or its equivalent.
The strain of Lactobacillus casei was able to grow in the Landy and Dicken medium without the additon of pyridoxine at a pH of 5.0 while requiring it for growth at 6.0 and 7.0. Folic acid, riboflavin, biotin, nicotinic acid, and pantothenic acid were found to be most effective at a pH of 6.0.
Prolonged serial transfer in Gladstone's medium produced a change in the growth-factor requirements of Staph. aureus, strain CB. After approximately 40 transfers this strain no longer required the addition of nicotinic acid -to the medium at a pH of 7.0.
Summarizing the conclusions of the above paragraphs, it may be seen that the pH and composition of the medium and the strain and previous history of the organism are four dosely linked variables that must be controlled in any nutritional or analytical work involving the growth-factor requirements of bacteria.
